MICROBIAL LEACHING OF CHROMIUM FROM SOLIDIFIED WASTE FORMS -A KINETIC STUDY INTRODUCTION
Treatment technologies, such as coagulation/ flocculation, precipitation, ion exchange and adsorption, generate huge quantities of toxic heavy metal laden sludges. The sludges thus generated cannot be disposed of directly into the landfill, due to a risk of ground water contamination. There are no or few secure landfills to support the huge quantities of heavy metal laden sludges generated every day. Hence, it becomes important to treat the sludges before disposal to a landfill [Sophia, Swaminathan 2005] .
The US Environmental Protection Agency (USEPA) recognizes cementitious solidification as the "best demonstrated available technology (BDAT)" for land disposal of toxic elements [Conner 1990 ]. Alkaline matrices such as Ca(OH) 2 and cement are commonly used in waste conditioning because they are inexpensive, readily incorporate wet wastes and their alkalinity reduces the solubility of hazardous heavy metals.
Solidification/stabilization (S/S) is a process in which inorganic reagents react with certain waste components and form chemically stable solids which are capable of developing mechanical resistance. The major inorganic reagent is portland cement, which upon addition of water produces a hardened paste. This paste binds together aggregates and other substances to form concrete and stabilize wastes. This technology is currently being used to treat a wide variety of wastes containing such contaminants as metals, organics, organo-metallics, soluble salts, etc.
Solidified wastes disposed of in landfills are subject to physical, chemical and microbial attacks and should be evaluated for their stability to these conditions before disposal. Much research work has been done on studying the mechanical stability and chemical durability of the immobilized waste forms [Rossetti et al. 2002, Chong et Recently, testing for microbial stability of solidified/stabilized (S/S) waste has gained grounds as part of the long-term performance assessment protocol [Sophia et al. 2007 ]. Studies [Idachaba et al. 2002 , Idachaba et al. 2003 ] have shown that a biological mechanism is involved for the leaching of chromium from cement waste forms. 'Thiobacillus' has been identified as a major reason in deterioration process of concrete pipeline [Mori et al. 1992 , Parker 1945 ]. In the bioleaching process sulfuric acid is formed which attacks the cementitious matrix of the concrete causing loss of strength. T. thiooxidans was chosen in this study, as it is recognized to be the most dominant microorganism in the degradation of cement-based materials.
The aim of this study was to examine the kinetics of microbial degradation of three different immobilized synthetic waste forms. The novelty of this work is bioleaching of lime and gypsum containing solidified waste. It has not been experimented before. This study is important since the overall efficiency of the waste fixation process is directly related to how effectively the components of the binder are held in place.
MATERIALS AND METHODS

Binders
Three different binder materials viz., Portland cement, lime and gypsum were used for immobilization of metal containing waste. Portland cement -grade 43, gypsum (CaSO 4 ·5H 2 O) and lime were bought from a local vendor. Major compositions of the binders are presented in Table 1 . Heavy metal concentrations were found to be negligible in the binders
Specimen preparation
The method is explained in authors' earlier publication [Sophia, Swaminathan 2005 , Sophia et al. 2007 ]. The mix ratios prepared are presented in Table 2 . 
Microorganism and bioleaching experiments
The microorganism used in this study, T. thiooxidans. It was obtained from IMTECH, Chandighar, India. The microorganism was grown using a medium consisting of the following (g/L): The experiments were carried out in 250 ml Erlenmeyer flasks in static condition. The S/S samples (SL*, SG*) were immersed in T. thiooxidans media and the control samples (SL, SG) of the same binders without T. thiooxidans inoculation in sterile media for 24 hours. On the second day, the control and samples were exposed to fresh sterile media of pH 2.0. The experiments were continued for 11 days in the same condition, by replacing fresh sterile media every day. From the 12 th day, both, the S/S samples and S/S controls were exposed to fresh sterile media at pH 4.0 until 30 days. The leachates were collected periodically and analyzed. The experiments were conducted in triplicates. The data presented are average values.
Analytical
pH of the media and leachates was determined using a pH meter (Systronics, India). Conductivity was measured using conductivity meter (Systronics, India). Analysis of chromium was carried out after acid digestion using Varian Spectra AA 
Kinetic analysis
Two chemical-based shrinking core models, namely a bulk diffusion model and an acid diffusion model [Sophia et al. 2007 ] were used to analyze the kinetics of microbially-influenced degradation of S/S samples.
The bulk diffusion model assumes that contaminant release is due to the difference in concentration between leachant and the bulk concentration within the monolith. It is slow and assumes that the interaction between solid and fluid is non-catalytic. The bulk diffusion model has a limitation that it does not account for the leachant pH and the observed matrix dissolution in cement during exposure to an acidic environment. These limitations led to the development of shrinking unreacted core (SUC) model to describe leaching mechanisms from solidified/stabilized specimens.
The acid dissolution model is based on the pH and matrix dissolution, during exposure to acidic environment [Idachaba et al. 2003 ]. However, the model equations applied in this study for quantitative analysis of kinetic data are Eqs. (1) and (2):
Where a represents the fraction of metal leached at time t, and K D and K A the overall rate constants for the leaching process.
RESULTS AND DISCUSSION
Effect of microbial degradation on pH and conductivity
It is observed from Figure 1 that the pH of the leachates of control and sample were around 3.0 until the 11 th day. From the 12 th day onwards pH of the samples were found to change. The control sample pH increased due to the alkalinity of cement, while that of the experimental sample decreased due to the release of H + ions by T. thiooxidans. Conductivity values were higher in the experimental S/S leachates exposed to T. thiooxidans as compared to the control (Figure 2 ). Similar results have been reported earlier [Sophia et al. 2007 , Idachaba et al. 2003 ].
Effect of microbial degradation on release of sulfate
The trend of sulfate in leachates is presented in Figure 3 . The data presented corresponds to the net sulfate released from the experimental samples. The sulfate data gives evidence for the microbial grown on the samples. The sulfate release observed was higher in the experimental S/S waste than in the control. The reason may be due to oxidation of inorganic sulfur sources such as thiosulfate into sulfuric acid produced during the leaching by T. thiooxidans. The cement -lime experimental samples showed the highest cumulative leaching of sulfate (3625 mg·l -1 ) while; the gypsum containing samples exhibited the lowest leaching for sulfate (2625 mg·l -1 ). The sulfate release observed was higher in the experimental S/S waste than in the control, which may be due to the oxidation of inorganic sulfur sources from the medium into sulfuric acid. The reduction in pH of the leachates may be due to the formation of the highly corrosive mineral acid.
Effect of microbial degradation on leaching of calcium and magnesium
One of those major components in cement is calcium. Calcium silicates are formed during curing cement and contribute to the strength of concrete. Tricalcium silicate is responsible for most of the early strength (first 7 days). Dicalcium silicate, which reacts more slowly, contributes only to the strength at later times.
Upon the addition of water, tricalcium silicate rapidly reacts to release calcium ions, hydroxide ions, and a large amount of heat. The reaction slowly continues producing calcium and hydroxide ions until the system becomes saturated. Later the calcium hydroxide starts to crystallize. Simultaneously, calcium silicate hydrate begins to form. Ions precipitate out of solution. This accelerates the reaction of tricalcium silicate conversion to calcium and hydroxide ions. This is found to be an exothermic reaction.
The formation of the calcium hydroxide and calcium silicate hydrate crystals provide "seeds" upon which more calcium silicate hydrate can form. The calcium silicate hydrate crystals grow thicker making it more difficult for water molecules to reach the unhydrated tricalcium silicate. The speed of the reaction is now controlled by the rate at which water molecules diffuse through the calcium silicate hydrate coating. This coating thickens over time causing the production of calcium silicate hydrate to become slower and slower [Conner, Roger 1993] . Figure 4a and 4b presents leaching profile of calcium and magnesium from the experimental samples. Leaching of calcium and magnesium was higher in the S/S sample exposed to T. thiooxidans as compared to the sterile controls. This is because T. thiooxidans is known to be involved in the degradation of cement-based materials like concrete, through production of mineral acids [ Diercks et al. 1991] . The mineral acids produced such as sulfuric acid are found to react with compounds of calcium and magnesium in cement resulting in the formation of insoluble salts of calcium and magnesium such as calcium sul- [Sand, Bock 1988] . It is reported [Sand 1987 ] that concrete in its main structure is composed of calcium oxides, hydroxides, and carbonates. These compounds can react with acids:
The reaction product is gypsum. The calcium loss diminishes the resistance of the solidified sample. 
Effect of microbial degradation on leaching of chromium
The leaching of chromium from the experimental samples LC, LC*, GC & GC* using the biofilm formation method are presented in Figure  5 . LC* and GC* leached out 4.54 and 14.3 mg/g of cumulative chromium respectively after 30 days of exposure. The corresponding concentration of chromium in the leachate was 0.061 and 0.22 mg·l -1 , respectively. The chromium in the leachate was lower than the toxicity characteristic leaching procedure (TCLP), regulatory limit (5 mg·l -1 ). Chromium was not detected in effluent samples obtained from the sterile control within the same period. These results show that the S/S process effectively restricted the leaching of chromium by microbial induced degradation. It was also noticed that replacement of cement by 10% lime in 'LC' could restrict leaching of chromium more efficiently. This phenomenon may be due to the high pH of lime leachates.
Kinetic analysis using shrinking core models
Results of comparative kinetic analysis of chromium leaching data using acid dissolution and bulk diffusion kinetic model equations are presented in Figure 6 . It is evident from the figure that the analysis of data using the bulk diffusion model (Figure 6a) gives a better linear correlation than the analysis using the acid dissolution approach (Figure 6b ). While a straight line going through the origin with correlation of about 0.96 for GC* and 0.98 for LC* for the bulk diffusion model. The distribution of the data points using the acid dissolution approach does not allow a statistically reasonable straight line. The best straight line through the data points gives a substantially low correlation of 0.887 for LC*.
The results suggest that microbial degradation follows closely the bulk diffusion mechanism of waste form degradation. Thus, the kinetic model equation based on the bulk diffusion model can be used for quantitative kinetic analysis of data obtained from microbial degradation experiments [Sophia, Swaminathan 2007] . A study also suggests that microbial degradation of waste forms may involve additional mechanisms than mere production of acids [Idachaba et al. 2004 ].
CONCLUSIONS
Microbial leaching on S/S waste made using binders such as cement, lime and gypsum was studied. Increase in sulfate production proved an evidence for microbial growth by formation of biofilm on S/S waste. Oxidation of inorganic sulfur into sulfuric acid may be responsible for the reduction in pH in the S/S waste. Chromium was well fixed in the matrix as indicated by the low concentration of chromium in the leachates. The results also showed significant differences in chromium binding in different S/S samples. Kinetic analysis of the microbial degradation of S/S samples was performed using shrinking core models. Model equations used in this study was acid dissolution or shrinking un-reacted core (SUC) model, and bulk diffusion model. The major driving force in the microbial induced leaching of metals from S/S waste appears to be bulk diffusion as a result of the concentration gradient, rather than acidity.
